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Renal control of extracellular calcium
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Renal Section, Department of Medicine, Baylor College of Medicine and The Methodist Hospital, Houston, Texas, USA
Calcium is important not only as the major constituent of the
skeleton but also as the major ionic cytosolic messenger for a
variety of biochemical and physiological processes. Calcium
homeostasis is maintained by the integrated activity of the gut,
bone, and the kidneys. The present discussion summarizes the
role of the kidneys in the maintenance of extracellular calcium.
Distribution of plasma calcium
Of the 1.3 kg of calcium (Ca), present in the total adult human
body, only about 0.1%, or 1.5 g, is present in the extracellular
space and about 1/3 of this is in the plasma. Plasma Ca ranges
from 8.8 to 10.3 mg/dl, or 2.2 to 2.6 m and exists in three
chemical forms (Table 1). At normal blood pH and body
temperature, approximately 46% of plasma calcium is bound to
plasma proteins, primarily albumin, 6% is complexed with
various anions, and 48% is in the form of free Ca ions [11. The
complexed and ionized fractions are freely filterable through
artificial and physiological membranes and are termed, collec-
tively, ultrafilterable (UF) Ca. It is generally agreed that the
ionized fraction is the physiologically active moiety, that is,
available for transport and cellular metabolism.
Normally, the distribution of Ca in the plasma is under rigid
control; however, certain systemic changes can cause alter-
ations in plasma Ca distribution and, hence, the amount and
distribution of Ca in the glomerular filtrate. Changes in total
plasma Ca concentrations, complexing anions, blood pH, and
plasma protein composition and binding affinity may alter the
UF and ionized Ca filtered at the glomerulus.
Intracellular calcium
To understand ion transport properties in renal epithelium,
the intracellular regulation of that ion species must be known.
Total intracellular Ca concentration is approximately 0.5 mM;
however, most of this is either sequestered in the endoplasmic
reticulum and mitochondria, or bound to cytoplasmic proteins
and ionic ligands. The free Ca ion concentration is approxi-
mately l0— M [2—4].
In renal tubular cells, Ca enters at the brush border down its
electrochemical gradient, by a facilitated diffusion transport
mechanism which is powered by electrogenic sodium (Na)
transport (Fig. 1) [5, 6]. The exit of Ca at the basolateral
membrane is more difficult since the electrochemical gradient is
reversed. One mechanism for exit at the basolateral membrane
of renal tubular cells is Ca-ATPase. In rat cortex basolateral
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membranes and rabbit renal tubules, a magnesium-dependent,
high affinity, low capacity Ca2-ATPase has been identified
[7—9]. In rabbit tubules, the concentrations of this enzyme were
found to be highest in the distal convoluted and cortical
collecting tubule, intermediate in the proximal convoluted
tubule and medullary thick ascending limb, and lowest in the
proximal straight tubule, cortical thick ascending limb, and
medullary collecting duct [7]. Using monoclonal antibodies to
human erythrocyte Ca2 + Mg2-ATPase, Borke and col-
leagues [10—12] have found significant quantities of this enzyme
only in the basolateral membrane of the distal convoluted
tubule, from several animal species. These results suggest that
the activity observed in other segments is very low or nonex-
istent, was not located on the basolateral membrane, or that the
enzyme in these segments is immunologically different. Indeed,
in rat cortex basolateral membrane preparations, two Mg-
independent, vanadate-insensitive Ca2-ATPases have been
characterized [13—15]. One is a low affinity, high capacity form,
which is unlikely to contribute to the maintenance of cytosolic
Ca under physiological conditions. The other is a high affinity
and low capacity form, more likely to function at physiological
intracellular Ca concentrations.
In excitable cells, another mechanism exists for the extrusion
of calcium from the cell, the electrogenic 3Na/Ca2 antiporter
[2, 16]. Although there is evidence for the existence of such an
exchanger in renal tubules, the kinetics predict that it is in
equilibrium at cytosolic free Ca levels and does not contribute
greatly to Ca extrusion [4, 16—20]. However, when intracellular
Na increases, Ca entry by this mechanism may serve to
increase the rate of Na removal. Ramachandran and Brunette
[21] have recently shown that the renal NaJCa antiporter is
present only in the distal convoluted tubule of the rabbit.
Two intracellular organelles also participate in the control of
cytosolic free Ca, the endoplasmic reticulum and the mitochon-
dna. Once thought to contain large amounts of calcium, mito-
chondria in situ have been shown to contain relatively little Ca
[22]. The kinetics of Ca uptake in this organelle suggest that
little Ca is transported at normal cytosolic concentrations;
however, it has the capacity to buffer large amounts of Ca and
protect cell processes [23]. On the other hand, the endoplasmic
reticulum has a high affinity, low capacity, Ca2-ATPase [24,
25]. Inhibition of this enzyme with vanadate results in an
increase in steady state Ca from 0.1 to 0.5 or 1.0 tM, suggesting
that the endoplasmic reticulum is necessary to maintain cyto-
solic Ca in the proper range, and that the mitochondria cannot
lower Ca below lO_6 M.
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Table 1. Distribution of calcium in normal plasma
Fraction mg/dI
% of
Total
Total plasma calcium
Non-filterable
Albumin-bound
Globulin-bound
Filterable
Complexed
Free ion
10.00
4.60
3.00
1.60
5.40
0.60
4.80
100
46
30
16
54
6
48
Renal handling of calcium
The filtered load of Ca is about 8.0 g/day, however, only 250
to 300 mg/day appears in the urine. This means that 98 to 99%
of the filtered load must be reabsorbed by the renal tubules.
Approximately 70% of the filtered Ca is reabsorbed in the
proximal tubule segments, 20% in the thick ascending limb of
Henle's loop, 5 to 10% in the distal nephron, and a small
fraction, less than 5% in the collecting duct system [26]. Less
than 3% of the filtered Ca appears in the urine normally. The
characteristics of Ca handling by individual nephron segments
and their contribution to overall Ca homeostasis has been the
subject of numerous investigations.
Glomerular filtration
In samples of glomerular fluid, obtained by micropuncture,
the glomerular fluid to plasma (GF/P) ratio for Ca ranges
between 0.63 and 0.70 [26, 27], values similar to those obtained
with artificial membrane filtration.
The complexed and ionized Ca fractions in glomerular fluid
have not been determined directly; it is assumed that they are
identical to those found in the plasma. The complexed fraction,
which is unavailable for transport, becomes important in the
distal nephron where its relative and absolute concentration is
increased due to water and ionic Ca reabsorption in the more
proximal nephron.
Proximal convoluted tubule segments, Si and S2
The bulk of Ca reabsorption occurs in the proximal convo-
luted tubule. The transport of Ca in this portion of the nephron
has been considered to be passive for at least two reasons. First
is the evidence from micropuncture studies that Ca, water, and
Na are absorbed in parallel, Several studies have shown that the
tubular fluid to glomerular filtrate (TF/GF) ratio for Ca is 1.0 in
early convolutions of the PCT, and rises slightly to 1.1 or 1.2 in
the late portions. These results have been obtained in the
Munich-Wistar [26—29] and Sprague-Dawley [26, 30] rats, the
dog [31—33], and the Psammomys [34]. The slight increase in
TF/GF Ca relative to Na suggests that Ca reabsorption lags
behind water reabsorption, thus creating a favorable chemical
gradient downstream.
The second line of evidence for passive Ca reabsorption in
the PCT is the large backflux component [35—38]. More recent
studies have presented further evidence that is consistent with
passive Ca transport, at least in the S2 segment of the PCT. In
rabbit superficial convoluted S2 segments, Ng, Rouse and Suki
[39], found a net flux of Ca not different from zero, in the
absence of water transport and an electrochemical gradient.
When the transepithelial potential difference (PD) was altered
by changing the composition of the perfusate, net Ca efflux was
demonstrated with a lumen-positive PD and net Ca secretion
with a lumen-negative PD (Fig. 2). These results are consistent
with passive, voltage-dependent Ca transport in this segment.
The strong dependence on voltage has also been shown by
Bomsztyk, George and Wright [40] using in vivo microperfusion
of the rat superficial convoluted tubule.
Despite the convincing evidence for passive Ca transport in
the PCT, there is also evidence for an active transport compo-
nent. In rats [26] and dogs [32] undergoing an osmotic diuresis,
micropuncture samples showed that TF Ca and Na concentra-
tions, in the PCT, fell below those in plasma in the face of a
lumen-negative PD. Using stop-flow in vivo microperfusion,
Ullrich and colleagues [41] also found a TF/P for Ca of less than
1.0 which could not be accounted for by the slightly lumen-
positive PD. They calculated an active net efflux component of
about 4.0 pEq/min mm. Additionally, in the study of Bomsz-
tyk et al [40], although Ca transport was strongly dependent on
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Fig. 1. Proposed cellular mechanisms involved in calcium transport in
the (A) proximal SI and S2 tubule and (B) distal convoluted tubule
segments.
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Fig. 2. Relationship of net calcium transport and transepithelial po-
tential difference, PD, in superficial proximal convoluted, S2, tubule
segments, perfused in vitro. The y-intercept is not different from zero.
(From Ng, R.C.K., et al, J Clin Invest 74:834, 1984; reproduced with
permission.)
voltage, there was an absorptive component that could not be
accounted for by convective forces or PD1, suggesting an active
mechanism. The reasons for the discrepancies between these
studies showing active Ca reabsorption and those which do not,
are not clear. Species differences, in regards to the distribution
of Ca-ATPase on the basolateral membrane, and variability in
the puncture sites along the PCT may play a role. Active Ca
transport may well be the primary mechanism in the early, Sl,
portion of the PCT. Micropuncture experiments have shown
that substantial Ca reabsorption occurs in the earliest convolu-
tions 126—34, 42], a portion of the PCT which normally has a
lumen-negative PD1 [431 and a TF/P Ca near unity and, hence,
an unfavorable electrochemical gradient. To date, studies have
not been performed to characterize Ca transport in this seg-
ment.
While the passive movement of Ca is probably via a paracel-
lular pathway, an active mechanism requires a transcellular
path and the more complicated machinery in the basolateral
membrane, While there appears to be high affinity Ca-ATPases
in proximal tubules and cortical basolateral membrane prepa-
rations the concentration is lower than that found in more distal
nephron segments [7—9, 13—151. Additionally, the membrane
location of these enzymes and their contribution to Ca handling
in the PCT is not clear. The alternative mechanism for Ca exit
from the cell is NaJCa exchange and two studies have suggested
that this mechanism is operative in the PCT [41, 44]. However,
Ramachandran and Brunette [21] have shown no Na/Ca an-
tiporter activity in this segment.
In summary, the transport of Ca in the S2 convoluted
segment of the PCT is primarily passive and probably via a
paracellular pathway. The efflux is not, however, simply due to
solvent drag since the reflection coefficient is approximately 0.9
[39]. An active mechanism may also exist in this segment, but
may be of more importance in the SI portion where electrical
driving forces are not favorable.
Proximal straight tubule segments, S2 and 53
Bourdeau [45] has recently shown that the straight portion of
the proximal tubule, morphologically defined as S2, transports
Ca passively, similar to results in the S2 convoluted segment.
The transport rate was voltage-dependent, and persisted at 20°C
with a favorable electrochemical gradient, suggesting paracel-
lular diffusion.
While Na and Ca generally are reabsorbed in parallel, three
micropuncture studies have shown a dissociation of the trans-
port of the two ions between the end of the superficial proximal
tubule and the bend of the loop of Henle [26, 30, 34]. The
dissociation of Na and Ca reabsorption in these studies could be
explained by heterogeneity in the nephron populations sam-
pled, superficial PCT and juxtamedullary loops, or to Ca
transport in excess of sodium transport in the proximal straight
segments or thin descending limb. Two studies have examined
Ca transport in proximal straight, S3 segments and have shown
a substantial active Ca transport component [46, 47]. Ca trans-
port was abolished by cooling the bath to 20°C, but not by the
addition of ouabain to the bathing solution [47]. Net effiux
measurements ranged from 7.0 to 13.0 pEq/min mm and
occurred in the face of a negative luminal PD, and against a
chemical gradient [47].
The cellular mechanisms involved in Ca transport in the
proximal straight, S2 segment are probably similar to those in
the convoluted S2 portion. The cellular mechanisms in the S3
segment, however, are not clear. While Ca transport in other
portions of the proximal tubule is dependent on the mainte-
nance of the sodium gradient, Ca transport in this segment was
unchanged by the elimination of Na from the perfusate [461 or
addition of ouabain to the bathing solution [46, 47]. The exit at
the basolateral membrane is also unclear as Ca-ATPase activity
is relatively low, or nonexistent, and there is no evidence for
Na/Ca counterexchange.
In summary, Ca transport in the straight portions of the
proximal tubule appears to be passive in the S2 portion and
active in the S3 portion.
Thin descending and ascending limbs of Henle's loop
Rocha and coworkers [48] have shown that the apparent
permeabilities to Ca in isolated, perfused segments of rabbit
thin ascending and descending limbs is very low. These results
suggest that significant net Ca transport does not take place in
these segments. Rouse and coworkers [47] have confirmed a
negligible net Ca transport in the thin descending limb.
Thick ascending limb of Henle's loop
While it is agreed that this portion of the nephron transports
a substantial amount of Ca, the mechanism is controversial
(Table 2). Two laboratories have shown that Ca transport in this
segment is primarily passive and driven by the PD1 [49—51].
Bourdeau and Burg [50] found that the unidirectional efflux to
influx ratios varied linearly with the voltage. The slope of the
regression line was greater than that predicted for simple
passive diffusion, but was consistent with the single-file diffu-
sion mechanism described by Hodgkin and Keynes [52].
At variance with the above studies are the studies of Rocha
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Table 2. Summary of calcium transport in the TALH
1. Net transport rate ranges from 0.8—7.4 pEq/mm. mm [48—51, 54,
55].
2. Passive Ca transport in medullary segments [55]. Controversial in
cortical segments, either active [48, 54, 55], or passive and
voltage-dependent [49—51].
3. PTH and cyclic AMP enhance Ca transport in cortical segments
[51, 55, 56, 62]; calcitonin and cyclic AMP enhance in medullary
segments [55].
Table 3. Summary of Ca transport in the distal tubule
TF/UF Ca declines from 0.6 to 0.3 under free flow conditions against
an electrochemical gradient [49, 59].
Capacity for Ca transport is much larger when not limited by
complexed Ca [58, 60].
Luminal entry is not sodium-dependent [49, 59].
Exit at basolateral membrane is either active, via Ca2 + Mg2-
ATPase [10—12] and vitamin D-dependent Ca binding protein [11,
12, 63] and/or via Na/Ca2 exchange [21].
Primary control of Ca excretion may lie in the CNT [62, 49], where
PTH-sensitive adenylyl cyclase has been identified [101].
and coworkers [48]. The flux ratio in their studies was greater
than could be predicted from the PD using the tJssing equation
[53]. These investigators also showed that the TALH segments
were able to decrease luminal Ca in the absence of water
transport, and that ouabain reduced Ca efflux by only 10% while
PD fell by 67% [48]. These results suggested an active compo-
nent of Ca transport in this segment. Imai [54] has also
demonstrated an active Ca transport mechanism in cortical
TALH segments. When he varied PD, in a fashion similar to
Bourdeau, the Ca flux ratio always exceeded that which could
be predicted by the Ussing equation, and the extrapolated Ca
flux ratio at zero PD was 2.85, significantly different from zero.
Studies in our laboratory also are consistent with active Ca
transport in cortical TALH, however, identical studies in
medullary TALH segments are more consistent with a passive
mechanism [55]. Like Imai [54], we found that the addition of
furosemide to the bathing solution inhibited PD but had no
effect on Ca efflux in the cortical segments [55]. In the medul-
lary segments, however, furosemide also inhibited Ca efflux
[55]. This axial heterogeneity may account for some of the
apparent discrepancy among the six studies. Another possible
source of error is the measurement of PD. Since the luminal
NaCl concentration decreases axially, increasing the positivity
of luminal PD downstream, the voltage measured at the perfu-
sion pipette tip may underestimate the voltage driving Ca
transport. However, lmai [54] and Bordeau and Burg [50]
varied the voltage in an identical fashion and found opposite
results. Additionally, Bourdeau and Burg [56] and Suki and
Rouse [57] showed an increase in net Ca efflux, independent of
PD in cortical segments with the addition of PTH to the bath,
and our laboratory demonstrated similar results with the addi-
tion of calcitonin or cyclic AMP to the bath of medullary
segments [57]. These results were obtained in segments that
reportedly move Ca passively.
The cellular mechanisms of Ca transport in the cortical
TALH have been examined by Imai [54]. He found that Ca
transport was saturable, independent of anaerobic metabolism,
Na transport, and Ca-ATPase activity.
Distal convoluted tubule and connecting tubule
Several studies suggest that the fine tuning of the Ca appear-
ing in the urine occurs in one or both of these segments. Greger
and colleagues [58] injected 45Ca into the early DCT and found
that this segment has a large capacity for Ca absorption,
reclaiming as much as 90% of the load presented to it. Costanzo
and Windhager [59] have studied Ca transport in the rat DCT,
using free-flow micropuncture techniques, and found that the
TF/UF Ca declined from 0.6 to 0.3 from the early to late
puncture site, with no substantial backflux component (Table
3). Since the luminal Ca concentration in this segment is lower
than plasma and the PD is highly lumen-negative, the observed
Ca flux is active. These investigators also have shown that the
capacity for Ca transport, during in situ perfusion, is indeed
higher than that observed under free-flow conditions, suggest-
ing that Ca reabsorption in this segment is limited by the
availability of transportable ions [59]. In further proof, this
group has shown that the ionized Ca concentration falls to
about 0.1 m when not limited by complexed Ca, and the
reabsorption in this segment is unsaturated with loads up to 30
pmol/min [60]. Shareghi and Stoner [49] have also shown a
substantial Ca efflux in isolated, perfused rabbit DCT segments.
Morel and coworkers [61] have shown that the "DCT" is not
a homogeneous structure. Although the delineations of the
various portions may vary among the species, all DCT seg-
ments display the following four morphologically and function-
ally defined portions: an ascending limb portion, a "bright"
portion, a "granular" portion, and a "light" portion (similar to
cortical collecting tubule morphology). The "granular" portion
has more recently been defined as a separate entity, the
connecting tubule (CNT). Portions of this segment may appear
on the surface of the cortex and have been defined by micro-
puncturists as "late" DCT. This portion of the nephron may be
the control point for Ca excretion. Imai [62] has studied isolated
segments of rabbit connecting tubule and found a net Ca efflux
rate of 4.0 pEq/min mm. This rate is tenfold higher than that
found in neighboring nephron segments [48, 50, 55, 57], and that
found by Shareghi and Stoner [49] in their "granular" isolated,
perfused DCT segments.
As shown above, Ca transport in the DCT is against an
electrochemical gradient, that is, it is active, and likely trans-
cellular. The mechanism of entry at the luminal membrane is
not known; it is not dependent on Na [49, 59]. The extrusion at
the peritubular membrane is probably mediated by Ca2 +
Mg2tATPase, since its concentration is very high and is
perhaps exclusively located in this segment [10—12]. Vitamin
D-stimulated Ca-binding protein is present in this portion of the
nephron, although absent in prior segments, and may play a role
in Ca transport, probably by activating Ca2 + Mg2tATPase
[11, 12, 63]. The Na/Ca exchanger also may be located exclu-
sively in this segment [21]. Ca transport in the connecting
tubule is also likely via an active mechanism.
Collecting duct system
The Ca appearing in the final urine is less than that present at
the end of the accessible portion of the DCT [26, 58, 64]. This
could indicate Ca absorption in the collecting system or greater
fractional reabsorption in the juxtamedullary than the superfi-
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Table 4. Summary of factors affecting Ca reabsorption
Factor
Nephron location
Proximal TALH Distal
Hypercalcemia decreased decreased decreased (PTH)
Phosphate decreased NIE decreased (PTH)
depletion
Volume decreased N/E decreased
expansion
Acidosis decreased N/E decreased
Alkalosis increased N/E N/E
PTH increased increased increased
N/E = not examined
cia! nephrons. In isolated, perfused cortical collecting tubule
(CCT) segments, three investigators have reported a low appar-
ent permeability to Ca and an insignificant net flux (0.06 to 0.20
pEq/min . mm) which was voltage sensitive [45, 65, 661. The
transport was unaffected by PTH or cyclic AMP [49].
At variance with these results are those of Imai [62] and Holt
and Lechene [67]. These investigators reported a substantial net
Ca efflux which occurred against an electrochemical gradient
and in the absence of water absorption. Antidiuretic hormone
(ADH) abolished net Ca transport [67], however, PTH and
cyclic AMP were without effect [62].
Only one study has examined Ca transport in the medullary
collecting tubule. Using in vivo microcatheterization tech-
niques, Bengele, Alexander and Lechene [68] found that ap-
proximately 1.4% of the filtered Ca load may be reabsorbed in
this segment.
If there is indeed Ca transport in the cortical collecting duct,
it is likely active. Vitamin D-dependent Ca-binding protein is
also found in this segment [63], and perhaps a Ca-ATPase [7].
Little is known about Ca transport in the medullary segment;
however, the PD is usually lumen-positive, and Ca transport
may well be passive.
Factors influencing renal handling of calcium
Hypercalcemia
Hypercalcemia may increase the filtered load of Ca, and may
also directly alter Ca transport in individual nephron segments,
independently of PTH (Table 4) [69]. In the proximal tubule, Ca
infusion results in a decline in fractional Na, water and Ca
reabsorption, implying that one effect of hypercalcemia is the
inhibition of overall, bulk reabsorption in this segment [31, 70,
71].
Hypercalcemia directly inhibits Ca reabsorption in the thick
ascending limb of Henle's loop. Quamme [72], using in vivo
microperfusion in the rat, and Shareghi and Agus [51], using
isolated, perfused tubule segments, showed a decrease in Ca
and Mg reabsorption in the thick ascending limb segments with
increasing peritubular Ca concentrations. The proposed mech-
anism is inhibition of Ca and Mg extrusion at the basolateral
membrane.
In the distal nephron, in the presence of parathyroid glands,
hypercalcemia causes a decrease in Ca reabsorption in these
more distal tubule segments. The effect is not dependent on a
decrease in Na reabsorption, and is probably due to suppres-
sion of PTH secretion [31].
Dietary phosphate
Phosphate loading, by mouth or intravenous infusion, causes
a decrease in calcium excretion [73]. The effect is delayed [74]
and may be secondary to the stimulation of PTH secretion by
the initial drop in plasma ionized Ca.
Phosphate depletion, examined in several species, is associ-
ated with hypercalciuria that is only partially corrected by the
administration of PTH, suggesting that there is a direct effect of
phosphate deprivation on renal tubular Ca transport [64, 75—771.
Some studies have demonstrated a defect in proximal Na and
water reabsorption [64] whereas others have not [78]. A defect
has been observed in Ca transport in the distal nephron, beyond
the last accessible micropuncture site, which is totally cor-
rected by phosphate infusion [79]. There is also a defect in the
loop of Henle which may or may not be corrected totally by
PTH infusion [75, 80]. The observation of Imai [62] in isolated
cortical TALH segments may explain the results of this study.
He found that lowering the bath phosphate concentration from
3.0 to 1.0 m abolished the stimulatory effect of PTH on Ca
transport.
Volume status
Walser [811 has shown that the excretion of Na and of Ca
increase in parallel over a wide range of Na clearances. This
increase occurs in the face of a decrease in the filtered loads of
both ions, suggesting a direct suppression of tubular transport
[82, 831. Part of the increase in Ca excretion is due to the
depressive effect volume expansion has on PCT reabsorption in
general [32, 84]. Poujeol and colleagues [70] and Agus and
colleagues [71] have shown this effect to be independent of
PTH. Although it is agreed that there also must be a distal
defect in Ca transport, producing the high urinary Ca, the
tubular site is not known, however, it is likely beyond the DCT
proper [71].
Acid-base status
Acute and chronic metabolic acidosis is associated with an
increase in calcium excretion irrespective of changes in filtered
load or PTH [85—871. Conversely, metabolic alkalosis results in
a decrease in Ca excretion [88, 89]. Although less well docu-
mented, the effects of respiratory acid-base changes seem to
parallel those of metabolically-induced changes [90—92]. Acute
acidosis has been shown to decrease Ca reabsorption in the
proximal tubule, partially mediated by a general inhibition of
PCT transport, since sodium and water reabsorption is also
decreased [85]. However, several studies suggest that the
decline in Ca reabsorption in the proximal tubule may also be
due to the lack of bicarbonate in the lumen [93—95]. In order to
observe hypercalciuria, Ca reabsorption must be decreased in
the distal nephron. Sutton, Wong and Dirks [85] have shown
that chronic metabolic acidosis inhibits Ca transport relatively
more than Na transport in the DCT. The defect is reversed by
bicarbonate infusion with or without PTH. Metabolic alkalosis
induced by Na bicarbonate or Na citrate infusion may or may
not result in a decrease in Ca excretion. The administration of
an equal amount of potassium bicarbonate [96] or citrate [97]
results in a significant decline in Ca excretion. The decline in Ca
excretion may not be seen when the sodium salts are adminis-
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tered because the natriuresis elicits an increase in Ca excretion
which may mask the inhibitory effect of the bicarbonate.
Hormones
Parathyroid hormone (PTH) is though to be the primary
homeostatic regulator of renal Ca excretion, and is thought to
act via the adenylyl cyclase system. PTH reduces GFR, thereby
decreasing the filtered load of Ca, and enhances tubular reab-
sorption of Ca resulting in decreased Ca excretion [97, 98]. The
inhibitory effect on Ca reabsorption in the PCT is probably
related to its effect on Na and water reabsorption. PTH does
stimulate Ca reabsorption in the cortical, but not the medullary
thick ascending limb [49, 51, 56, 57, 62]. The effect of PTH in
the cortical segment appears to be dependent on a lumen-
positive voltage [56] and normal phosphate concentrations [62].
The observed effects of PTH could be mimicked by cyclic AMP
analogues [56, 57, 62]. PTH also enhances Ca reabsorption
along the DCT, in portions accessible for micropuncture and
beyond [58]. These effects are independent of effects on Na
reabsorption [49, 99, 100] or PD1 [49]. These observations may
not reflect an effect on the DCT proper but on the connecting
tubule. Imai [62] and Shareghi and Stoner [49] have shown
enhancement of Ca reabsorption in this segment, and at least in
the rabbit, PTH-sensitive adenylyl cyclase is confined to this
region [101].
Direct tubular effects of vitamin D and calcitonin have been
suggested. In one preliminary report, 25(OH)D3 enhanced
unidirectional Ca efflux in isolated, perfused PCT segments
[102]. Additionally, vitamin D-stimulated Ca-binding protein is
present in the DCT and CCT, suggesting that D metabolites
may exert an effect in these segments [11, 12, 69]. Calcitonin is
hypocalciuric in thyroparathyroidectomized animals [102—106].
The only tubular site in which a direct effect of calcitonin has
been demonstrated is the medullary TALH where it enhances
Ca reabsorption via cyclic AMP production [57].
Diuretics
The osmotic diuresis produced by mannitol, and other os-
motic agents, results in a parallel increase in the excretion of Na
and Ca [107, 108]. Their mechanism of action is inhibition of
bulk reabsorption in the proximal tubule resulting in a greatly
increased delivery to the more distal nephron which over-
whelms the transport systems in the loop and DCT.
The acute administration of thiazide diuretics results in a
marked natriuresis, but only a small increase [109—111] or a
decrease [112, 113] in Ca excretion. This effect is due to a
dissociation of Na and Ca transport in the DCT. Micropuncture
studies have shown that thiazides acutely inhibit Na reabsorp-
tion [114], and enhance Ca reabsorption [59] in this segment,
independently of PTH [115—1 19]. The chronic administration of
thiazide diuretics produces frank hypocalciuria which can be
reversed by salt replacement [120]. This observation suggests
that the chronic effect on urinary Ca excretion involves en-
hanced proximal reabsorption in response to extracellular fluid
volume contraction [120].
Given acutely, furosemide, ethacrynic acid, and the mercu-
rial diuretics produce a large increase in Na and Ca excretion
[111, 114, 121, 122]. The primary action is the inhibition of Na
and chloride transport in the thick ascending limb [114, 123].
The effect of furosemide in the TALH is due to a dissipation of
the lumen-positive PD1 which inhibits passive Ca transport in
this segment [54, 55, 124]. However, in the cortical segment,
furosemide may or may not inhibit Ca transport, which appears
to be primarily voltage-driven in some studies and active in
others [54, 55, 124].
The administration of amiloride produces a greater increase
in Na than Ca clearance [119]. Amiloride decreases the lumen-
negative PD in the DCT and CCT, which may account for the
enhanced Ca reabsorption [119, 125]. However, it may also
have a direct effect on Ca reabsorption in the DCT similar to but
additive to that of chlorothiazide [125, 126].
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